Abstract-Hydrocephalus is a condition characterized by altered cerebrospinal fluid (CSF) dynamics and chronic rises in intracranial pressure (ICP). However, the reason why hydrocephalic physiologies fail to inhibit dangerously high ICP levels is not known. Infusion studies are used to raise ICP and evaluate CSF circulation disorders. In this pilot study, ICP signals recorded during infusion tests from 33 patients with normal pressure hydrocephalus and 36 patients having developed a secondary form of normal pressure hydrocephalus were characterized using Permutation Entropy (PE), a symbolic non-linear method to quantify complexity. Each ICP signal was divided into four epochs -baseline (before infusion begins), infusion, plateau, and recovery (after infusion has stopped) -and the mean PE was calculated for each epoch. Statistically significant differences were found between PE for most epochs (p<0.00833, Bonferroni-corrected Wilcoxon tests), with a significant decrease in the plateau phase. However, differences between PE for normal pressure and secondary hydrocephalus were not significant. Results suggest that the increase in ICP during infusion studies is associated with a significant decrease in PE. PE analysis of ICP signals could be useful for increasing our understanding of CSF dynamics in normal pressure hydrocephalus.
I. INTRODUCTION
Hydrocephalus is a condition which is characterized by accumulations of cerebrospinal fluid (CSF), which then leads to pressure being exerted on the brain [1] . It can appear as a primary condition or as a secondary effect to stroke or head injury, among other possible causes [2] . A standard way of managing hydrocephalus consists in implanting a CSF shunt after surgery [3] , although this procedure is not always successful, with patients not responding well to treatment [2] .
In 1970 Katzman and Hussey [4] introduced a manometric test to enable the diagnosis and assessment of hydrocephalus in patients. The test involves infusing saline into the subarachnoid space whilst performing a lumbar puncture [4] . The test is comprised of using an infusion pump connected to a needle to infuse saline until the pressure of CSF reaches a steady state; this is detected using a manometer connected to the needle via a stopcock [4] , [5] . At this point, an inadequate resorption of CSF can be validated, leading to a correct diagnosis of hydrocephalus [4] . Infusion tests can be split into four phases; initially, baseline intracranial pressure (ICP) is recorded for up to ten minutes before the infusion itself commences [5] . Once a plateau pressure is obtained, ICP is then allowed to steadily return to baseline levels [5] . In this pilot study, the different phases will be referred to as the baseline (before infusion), infusion, plateau, and recovery (after infusion has stopped).
The unknowns surrounding hydrocephalus and ICP are related to the physiology behind ICP rise, and in particular, the causes of hydrocephalus. Coupling these with the fact that hydrocephalus diagnosis has not changed significantly since the introduction of lumbar infusion tests [4] , the analysis of CSF dynamics and ICP can shed light on this condition. ICP characterization in hydrocephalus with signal processing techniques could offer benefits in terms of understanding the condition's pathophysiology and improving diagnoses. In fact, there is recent evidence that non-linear analysis of ICP signals in adults with hydrocephalus does reveal a loss of complexity during infusion studies [6] .
Permutation Entropy (PE), a symbolic non-linear technique, was introduced given that the vast majority of entropic, dimensional and exponential measures of complexity were not applicable to real-world noisy series [7] . PE calculates the complexity of a signal by identifying different patterns appearing in it [7] . Therefore, this method could be useful for ICP characterization, particularly the changes associated with lumbar infusion tests.
The hypothesis for this study is that the analysis of ICP signals from patients with hydrocephalus as a primary condition or as a secondary effect with PE will reveal characteristics that could be associated to the nature of the condition.
II. MATERIALS AND METHODS

A. Intracranial Pressure Signals
ICP signals of patients showing clinical symptoms of normal pressure hydrocephalus (progressive gait disturbance, memory problems and urinary incontinence) together with ventriculomegaly (Evans index > 0.30) were recorded using a variant of the Katzman and Hussey test at the Hospital Universitario of León (Spain). After 5 minutes of baseline recording, infusion of a Ringer solution started at a rate of 1.5 ml/minute until a plateau was reached in the ICP signal. After the infusion stopped, CSF pressure was recorded until it decreased towards baseline levels. ICP recordings were acquired with a sampling frequency of 100 Hz and patients or a close relative gave their informed consent to participate in the study, which was approved by the local ethics committee.
69 signals were retrospectively selected for this study, with 33 patients with normal pressure hydrocephalusreferred to here as primary -(age = 76.9 ± 6.8 years old, mean ± standard deviation; 20 males and 13 females) and 36 patients having developed a secondary form of normal pressure hydrocephalus (age = 63.5 ± 16.6 years old, mean ± standard deviation; 16 males and 20 females). For each recording, a neurosurgeon identified the epochs that were representative of the phases of the infusion test (baseline, early infusion, plateau, and recovery after infusion).
A finite impulse response Hamming window filter of order 41424 and band-pass range of 0.005-10 Hz was used to filter each signal, therefore retaining the slow-wave components with range of 0.0055-0.5 Hz [8] . Fig. 1 shows a representative ICP signal, before and after filtering.
B. Permutation Entropy
PE is based on the premise of measuring the entropy within a time series based on the probability of occurrence of all possible permutations within the embedded series [7] . Given a time series with samples x(i), i = 1,2,…, N, PE can be calculated as follows [7] :
1. Choose an embedding dimension n and create an embedding vectors n samples long, with a time delay τ between each data point selected to join the embedding vector (
2. Assign the lowest data point in the embedding vector the first position, the second lowest data point the second position until all data points in the embedding vector have been replaced with their ranking order.
3. Repeat 1 and 2 until all possible embedding vectors have been created and ranked. PE is calculated as:
where k is the number of different sub-sequence ranked vectors from the original time series and P v is the fraction of the sub-sequence ranked vectors. 4 . PE can be then normalized [9] with (2):
Complex signals with a highly irregular and unpredictable nature will be characterized by a greater range of different embedding vectors and, therefore, a higher PE. A normalized PE value of 0 corresponds to a totally periodic signal [9] .
The computation of PE relies on the selection of specific parameters, namely the embedding dimension and time delay. In this pilot study, the choice of parameters was largely driven by the desire to characterize the ICP signals on an epoch-wise basis. This meant that the entropies had to be computed in sliding windows; a 10 s long window was chosen to move along the ICP signals from beginning to end using a 1 s slide.
The window length N has to be compatible with the embedding dimension so as to meet the recommendation that N ≥ n! [7] . Embedding dimensions of 3 or 4 are too small to accurately track the dynamical changes in a signal [10] whilst as the dimension increases, PE's ability to discriminate between different groups decreases [9] . Hence, prior to the analyses of the signals, the value of n! was calculated for dimensions 5, 6 and 7 and it was found that a value of n of 5 and a window length N of 10 s was an appropriate compromise between computing time and number of embedding vectors contained in each window to capture the dynamics of the signal. The time delay τ was equal to 1 sample. Mean PE values were then found for each of the patient's baseline, infusion, plateau, and recovery epochs. 
C. Statistical Analysis
The significance of the differences between the mean PE values for the different epochs in each group was assessed using the non-parametric Wilcoxon signed-rank test. The test was computed using a Bonferroni adjusted significance level of 0.00833, which equates to 0.05 divided by 6; this accounts for the fact that though an overall significance level of 0.05 is desired, there would be a total of 6 comparisons between the four infusion test epochs.
To assess the significance of the differences between PE values for both groups, normality of the results was first checked using Lilliefors test. Student's t-test was then used to compare results from the groups with normal distributions, while the Kruskal-Wallis test was used when results did not follow a normal distribution. A significance level of 0.05 was used.
Lastly, receiver operating characteristic (ROC) curves were computed to offer an indication of how proficient PE is in discriminating between patients with primary and secondary forms of hydrocephalus, by assessing the diagnostic accuracy of the entropies [11] . ROC curves use decision rules with thresholds to determine the probability of correctly classifying a patient given a measured or derived quantity [11] , comparing the rate of true negative diagnoses (in this case, the proportion of secondary cases correctly identified), termed specificity, with the rate of true positive diagnoses (percentage of primary cases correctly classified), termed sensitivity [12] . Each point on a ROC curve corresponds to the sensitivity obtained when using a particular threshold to separate patient groups, plotted against the corresponding 1-specificity value [12] .
III. RESULTS
It was observed for both groups that PE decreased during the infusion test, reaching a minimum value during the plateau phase, and increasing again once infusion has stopped. Fig. 2 shows the normalized PE from the ICP signal plotted in Fig. (1) , highlighting the changes in entropy observed in most signals. Table I summarizes the average PE results. Although it can be seen that PE was lower in both the plateau and recovery phases in the signals from patients with probable/possible normal pressure hydrocephalus than in those from patients having developed a secondary form of normal pressure hydrocephalus, differences were not significant (p > 0.05, Kruskal-Wallis test for baseline, Student's t-test for the other phases of the infusion test). Table II and Table III summarize the results from the Wilcoxon signed-rank test for patients with normal pressure hydrocephalus and those with a secondary form of the condition, respectively. Statistically significant differences were found between all pairs, with the exception of the comparison between the early infusion and recovery epochs.
Table IV summarizes the ROC curve results, highlighting a low accuracy when discriminating between patients with primary and secondary forms of hydrocephalus.
IV. DISCUSSION
In this pilot study, PE was used to characterize ICP signals. PE is a symbolic non-linear method faster than approximate or sample entropy, robust to noise, and invariant with respect to non-linear monotonous transformations [7] . Results show a significant decrease of PE values, associated with an increased regularity of the ICP signals, during infusion tests, reaching a minimum during the phase of the test where the pressure reached a plateau. These PE changes can be observed in both patients with normal pressure hydrocephalus and patients who have developed a secondary form of this condition, although for the latter the reduction in PE values was slightly less than for the former.
Differences between PE values for primary and secondary forms of hydrocephalus were not statistically significant and the automatic classification of patients using ROC curves yielded low accuracies (< 60%). It is worth noting that it was possible to correctly classify 84.85% of patients with normal pressure hydrocephalus using PE values for the infusion phase, but at the expense of a very low classification rate for patients with a secondary form of the condition.
The physiological reason behind the reduction in entropy during pressure increases remains an enigma [7] , [13] . Reductions in ICP complexity during hypertension have been attributed to the failure of cerebral auto-regulation [14] . It can be speculated that the similarly high basal PEs obtained for all signals could be indicative of healthy cerebral autoregulation prior to hypertension. Conversely, following the onset of infusion, the inference from [14] would suggest that cerebral auto-regulation degrades more substantially in normal pressure hydrocephalus than in secondary forms, as PE was lower during the plateau and recovery phases.
Some limitations of this study should be mentioned. The sample size was relatively small. As a result, our findings are preliminary and require replication in a larger database. Furthermore, information is lost about the magnitude of the patterns with PE [15] . As a result, some alternative versions of the original algorithm have been proposed to improve results. Modified PE takes into account the possible occurrence of equal values, by mapping the equal value onto the same symbol (rank) [9] . Weighted permutation entropy (WPE) is based on weighting permutation patterns depending on the amplitudes of their constituent data points [16] . It has been suggested that WPE overcomes the drawbacks of PE in the sense that vectors containing data points with large amplitude differences are not attributed with the same contribution to the final entropy as those with only small fluctuations caused by noise [16] . PE is also more susceptible to broad band noise than other alternatives [17] . Future research would address these issues and the influence of the values of n and τ in PE. Moreover, results would be compared with those obtained with other algorithms, such as approximate, sample and multiscale entropies. Possible correlations with clinical parameters would be explored too.
To sum up, to the best of our knowledge this is the first study attempting the characterization of different forms of hydrocephalus from ICP signals. Differences between the entropies of signals from both groups provide support for the continued analysis of ICP signals based on the type of hydrocephalus. However, further research with a bigger database and other signal processing methods is needed. Sensitivity: % of patients with normal pressure hydrocephalus correctly classified.
Specificity: % of patients having developed a secondary form normal pressure hydrocephalus correctly classified.
Accuracy: % of total patients correctly classified.
